the ability to directly image and quantify drug-target engagement and drug distribution with subcellular resolution in live cells and whole organisms is a prerequisite to establishing accurate models of the kinetics and dynamics of drug action. such methods would thus have far-reaching applications in drug development and molecular pharmacology. We recently presented one such technique based on fluorescence anisotropy, a spectroscopic method based on polarization light analysis and capable of measuring the binding interaction between molecules. our technique allows the direct characterization of target engagement of fluorescently labeled drugs, using fluorophores with a fluorescence lifetime larger than the rotational correlation of the bound complex. Here we describe an optimized protocol for simultaneous dual-channel two-photon fluorescence anisotropy microscopy acquisition to perform drug-target measurements. We also provide the necessary software to implement stream processing to visualize images and to calculate quantitative parameters. the assembly and characterization part of the protocol can be implemented in 1 d. sample preparation, characterization and imaging of drug binding can be completed in 2 d. although currently adapted to an olympus FV1000Mpe microscope, the protocol can be extended to other commercial or custom-built microscopes.
IntroDuctIon
Previously, the lack of methods that would allow for direct and quantitative measurement of drug-target engagement in live cells with temporal resolution considerably limited our ability to better understand the molecular pharmacology of small-molecule drugs and consequently hampered drug development efforts.
New microscopy approaches allow for single-cell resolution imaging to resolve the pharmacokinetics (PK) and pharmacodynamics (PD) of drugs in vivo, thus overcoming these methodological limitations. Imaging the transport, inter-and intra-localization, and subsequent cellular effects of drugs has helped demonstrate several key biological barriers to drug effectiveness 1 , including inadequate drug delivery 2 , heterogeneity in drug-target interaction and the presence of multidrug resistance 3 , that are not easily observable using other imaging methods. Thus, single-cell PK/PD microscopy is well suited to high-content elucidation of drug behavior in different diseases.
Here, we describe our technology for measuring drug distribution and drug-target engagement in vitro 4 . The imaging technique we describe offers high spatial and temporal resolution while allowing the quantitative measurement and imaging of the fraction of the amount of drug bound to its target within cells. The potential of the technique is demonstrated using a cancer drug currently in phase III development as an example of how it can be used.
Advantages of the protocol as compared with alternative methods
The methods that are traditionally used to assess drug-target engagement include the cellular thermal shift assay (CETSA) 5 , which has been used to measure engagement of unlabeled drugs with target proteins in cells and soluble protein fractions extracted from cell lysates. Thermal proteome profiling 6 , an extension of CETSA combined with quantitative mass spectrometry, has also been used to monitor drug-target interaction effects on the thermal profile of a cellular proteome in intact cells. Other methods aimed at measuring drug behavior have also been used, including positron emission tomography (PET) 7, 8 and mass spectrometry imaging (MSI) 9 . Despite their ability to provide information regarding target engagement, these techniques either lack the necessary cellular resolution (PET) or the potential to make temporal measurements in vivo (MSI) that are ideally required.
Directly imaging drug delivery and PD effects has now become possible. Recent reviews 1, 10 elaborate how fluorescent companion imaging drugs and/or genetic reporters can be used 10 . Here we describe an imaging platform based on nonlinear two-photon excitation of fluorescence. This imaging platform offers several advantages over other microscopy imaging techniques 11 . Specifically, it offers extended imaging penetration depth, which enables imaging deep within tissue and tumors in physiologically relevant contexts. In addition, the low-scattering component of the near-IR excitation source substantially reduces the tissue scattering properties, which can be detrimental to the determination of fluorescence anisotropy. These characteristics contribute in making the technique directly translatable to in vivo studies in animals and humans, and contrast with other imaging modalities such as, for example, light-sheet microscopy. In addition, low phototoxicity enables long imaging times, facilitating the measurement of drug-target engagement in real time, even over extended periods of time (hours). The nonlinear nature of the effect also confines the excitation within a sub-femtoliter region, which is in stark contrast to other imaging modalities such as confocal and charge-coupled device (CCD)-based widefield microscopy 12 .
Although CCD-based wide-field microscopy can easily be implemented, it presents two issues. First, it has poor axial resolution as compared with two-photon imaging. This makes it very difficult to accurately quantify target engagement when imaging in solution in the presence of free unbound or unspecifically
Measurement of drug-target engagement in live cells by two-photon fluorescence anisotropy imaging
Basic theory of fluorescence anisotropy with one-and twophoton excitation Fluorescence anisotropy has been widely adopted in several screening assays for drug development and pharmacological studies, and, if used in combination with fluorescently labeled drugs, it can allow for the determination of the degree of interaction of a drug with its target or large compounds. When used for twophoton imaging microscopy, it offers the capability to quantify drug-target interaction intracellularly with high temporal and spatial resolution.
The basic theory of fluorescence anisotropy is illustrated in Figure 1 . The excitation, via polarized light, of randomly distributed molecules results in a nonrandom distribution of the excited molecules' transition moments (photoselection process, Fig. 1a) . If the excitation light is polarized along the z axis (vertical polarization), molecules with transition moments oriented in the same direction will be preferentially excited. The probability of excitation is then proportional to cos 2 θ, where θ is the angle between the transition moment of the molecule and the z axis. As a result, the fluorescence intensity observed through a polarizer oriented along the vertical direction is three times stronger than the intensity observed through a polarizer oriented along the (horizontal) x or y axis (Fig. 1a,b) . This is true for molecules with parallel orientation of absorption and emission transition moments, and with absent molecular rotations or other depolarization processes. The fluorescence anisotropy r for the cylindrical symmetry is then defined as where I is the intensity of the light, V is vertical and H is horizontal. The first subscript symbol refers to the polarization of the excitation light and the second to the orientation of the analyzer (Fig. 1b) . During two-photon excitation (Fig. 2a) , instead, two lowenergy photons interact simultaneously with a molecule, exciting the fluorophore to its singlet state. In this case, the probability of the excitation is no longer proportional to cos 2 θ (Fig. 2b) but instead is proportional to cos 4 θ (Fig. 2c) . The higher photoselection value will result in higher fluorescence anisotropy values 13, 14 .
In solutions or within intracellular environments, the rotational diffusion of the excited molecules tends to scramble the orientation of the emission dipoles, removing the preferential direction present in the emission fluorescence 13, 14 . If the molecule rotation occurs on a time scale shorter than its fluorescence lifetime, the fluorescence emission will be isotropic (r = 0, Fig. 1c,d) . If, instead, the molecule rotation occurs on a time scale much slower with respect to the fluorescence lifetime, a strong degree of anisotropy will be present (Fig. 1e,f) .
The observed steady-state fluorescence anisotropy (r) will depend on depolarization processes occurring during the lifetime of the excited molecules. A dominant depolarization process is the rotational diffusion of the fluorescent molecules, which changes the direction of their transition moments. In the anisotropy notation, it has an elegant form: (2) where r 0 is the fundamental anisotropy, τ is the lifetime of the fluorophore and Θ is the correlation time of the rotational diffusion. The rotational correlation time is given by
where η is the viscosity, T is the temperature in Kelvin, k B is the Boltzmann constant and V is the molecular volume of the dye or dye conjugate. In contrast to polarization degrees, the fluorescence anisotropy can be directly written in additive form. The total anisotropy r Tot of N species can then be expressed as where r i is the anisotropy of the ith individual specie and f i is its fraction. This simple relation allows an immediate resolution of bound and unbound fluorophores.
Although the anisotropy of a fluorophore can be affected by different cellular environmental factors, it is largely defined by its intrinsic properties, such as its fundamental anisotropy, size and fluorescence lifetime. If the small fluorophore becomes heaviere.g., following binding to a much slower-rotating molecule such as a protein-there will be an increase in fluorescence anisotropy (with respect to its value in free solution). Therefore, by titration and measurements of fluorescence anisotropy, binding isotherms can be reconstructed, and owing to the additive property (equation 4), the measurements can provide the fraction-weighted sum of the two possible states (bound and unbound) 1 . To test receptor/binding quantification through fluorescence anisotropy imaging (FAIM), we first illustrate a fluorescence anisotropy binding assay of a BODIPY-biotin solution titrated against NeutrAvidin, before moving to a small-molecule drug and in vitro cell imaging.
The strategy used for drug labeling is based on direct attachment of the fluorescent dye to a functional group that is not relevant to the biological activity of the parent compound or corresponding analogs. This can include, but is not limited to, reaction of primary or secondary amines with fluorescent dyes functionalized with isothiocyanate, or active esters such as succinimidyl (Nhydroxysuccinimidyl (NHS)) esters or tetrafluorophenyl esters. Alternatively, carboxylates can be coupled to amino-functionalized dyes or, where applicable, fluorophores can be attached through click chemistry. In all cases, it is critical to confirm in appropriate assays that the fluorescently labeled drug retains functional activity in the settings. A detailed protocol for the synthesis of a fluorescently labeled drug, poly(ADP-ribose)polymerase (PARP) inhibitor (PARPi-FL), is given in the Supplementary Methods.
Several considerations must be taken into account when choosing the labeling fluorophore. Fluorescent dyes with short (e.g., Cy3) or long fluorescence lifetimes are not appropriate for fluorescence anisotropy measurements of small-molecule binding events. A suitable fluorophore, and the one here used, is BODIPY, which presents a fluorescence lifetime (ca. 4.0 ns) larger than the rotational correlation of the bound complex, making it an excellent choice for polarization-based assays. Importantly, BODIPY dyes, unlike most other fluorescent dyes, are not charged and are generally highly cell permeable, which is a prerequisite for intracellular imaging in live cells. BODIPY dyes presents a high extinction coefficient (EC; >80,000 cm -1 M -1 ), a high fluorescence quantum yield and a large two-photon cross-section. If alternative dye options are pursued, all the aforementioned characteristics must be satisfied. Although in this protocol we describe the use of a fluorescently labeled drug PARPi-FL, the method is generalizable to other fluorescently tagged small-molecule drugs (see Table 1 for a list of published examples).
The imaging technique illustrated in this article, when used in combination with fluorescently labeled drugs, offers the ability to obtain quantitative pharmacological binding information about diverse molecular interactions in real time at the microscopic level, in live cells (Fig. 3) , discriminating between the different bound and unbound states of the drug 4 .
In addition to drug-target engagement studies, the protocol that we describe here can also be applied in other fields and for other uses, such as in obtaining spatially resolved images of fluorescence anisotropy of fluid-phase fluorophores in the cytoplasm 15 , studying the viscous properties of intracellular aqueous compartments 16 , studying the order of photosensitizers in nuclear envelopes 17 , directly monitoring DNA digestion in any region of live cells in real time 18 , imaging enzyme activity 19 and probing rotational mobility of the fluorescent molecules and their interaction with their surroundings 20, 21 . Although in the protocol we describe a hardware setup based on two-photon microscopy, other groups have demonstrated that different implementations are possible for FAIM 22 , such as CCD-based wide-field microscopy 12 , confocal microscopy 19, 21 and light-sheet microscopy 23 , as well as steady-state and timeresolved anisotropy 22 . We recommend several papers that provide a comprehensive review of this subject 22, [24] [25] [26] [27] .
Current limitations of the technique
This procedure has allowed measurements to be made that would have been difficult to make otherwise 4 . However, in its current implementation, there is also room for improvement. Perhaps For two-photon excitation, the emission is confined within a smaller focal point (red arrow in lower right-hand image), allowing for accurate optical sectioning imaging and accurate probing of volumes on the order of or below a femtoliter. A dry 4× objective was used for the demonstration of one-and two-photon fluorescence in order to distance the two-photon spot from the edge of the cuvette. (b,c) Photoselection function for one-photon (b) and two-photon (c) excitation. The fundamental anisotropy (r) for one-photon excitation is equal to 2/5. Two-photon excitation yields a strongly aligned population with a photoselection function proportional to cos 4 θ. The fundamental anisotropy in this case is higher and is equal to 4/7. Exc, excitation; ph, photon. tagged small-molecule drugs references most importantly, the acquisition time necessary for obtaining a drug-response curve in live cells is on the order of several hours, meaning it is not well suited for large-scale compound screening protocols. Rather, the method is better suited to understanding the biological behavior of lead compounds. New implementations based on high-throughput configurations 28 , combined with well plates or microfluidic-based microsystems, could potentially accelerate imaging and quantification capabilities. Second, the method relies on the availability of a cell-permeable fluorescently labeled companion imaging probe with ideal imaging and biological properties. We and others have developed a series of such agents, but each one requires considerable optimization and validation before use 29 .
It is important to note that the modification of a small-molecule drug by attachment and/or modification of functional groups can alter its physicochemical properties and target selectivity. As such, the fluorescently labeled drug might exhibit differential PK, cellular uptake, and target selectivity as compared with those of the parent compound. Therefore, the parent drug should always be used in a ligand displacement experiment to validate that specific binding of the fluorescent tracer can be displaced. Furthermore, using a set of fluorescent analogs that are labeled with chemically distinct fluorophore classes or labeled at orthogonal positions will be beneficial in further validating the specificity of the probe compounds.
Experimental design
In this article, we provide step-by-step instructions on how to modify and adapt a commercially available microscope (Fig. 4a) so it can perform FAIM. Two-photon laser scanning microscopy is used because nonlinear imaging offers extended imaging penetration depth, reduced scattering, increased spatial and axial resolution (Fig. 2a) , limited phototoxicity and reduced out-ofplane photobleaching as compared with other microscopy imaging modalities 11 . In the setup, light from a Ti:Sapphire laser is linearly polarized along a fixed predetermined axis, using a polarization control unit (Figs. 4 and 5) , and focused through a waterimmersion objective onto the imaging sample. Fluorescence is epi-collected (i.e., light is collected through the same objective used for excitation) in a non-descanned mode (Fig. 4a) and, using a polarization filter cube (PFC) (Fig. 4b-d) , light is spectrally filtered and separated into two orthogonal states of polarization parallel and perpendicular with respect to the excitation light (Fig. 4e ). Both light components are then simultaneously detected by two separate photomultiplier tubes (PMTs) within the detection unit (DU) (Fig. 4a) , and the fluorescence anisotropy image is calculated according to equation 1. Here we provide guidelines on how to assemble the polarization control unit (PCU; 3D view included in STL format in Supplementary Data 1) and provide specifications for building the PFC (3D-printing STL files are included in Supplementary Data 2). We also illustrate procedures for alignment and calibration, and provide standard references for calibration and details with regard to imaging phantoms. Software to implement stream processing for calculation and visualization of fluorescence anisotropy images during time-lapse acquisition is also included (Supplementary Software). Data sets for testing the software are provided (Supplementary Data 3) . Finally, we demonstrate the application of the method for determining accurate isotherm binding curves, as well as provide the necessary steps to follow and to quantify detailed live-cell imaging of drug-target engagement, using the fluorescently labeled drug PARPi-FL. A detailed protocol for the synthesis of the drug is provided in the Supplementary Methods.
Fluorescently labeled drug
We describe how to use PARPi-FL as an example fluorescently labeled drug. PARPi-FL (ref. 30; Supplementary Fig. 1 ) is a green fluorescent imaging tracer that provides PARP-specific contrast when injected intravenously 31 . Inhibitors of poly(ADPribose)polymerase (PARPis) are of considerable interest as anticancer agents, given their role in synthetic lethality [32] [33] [34] [35] [36] [37] [38] [39] . Over the past decades, a series of PARPis have been developed and translated to the clinical arena, and one of them, the small molecule olaparib (AZD2281), was recently approved for clinical use by the US Food and Drug Administration (FDA) for prostate cancer 40 . Fluorescent derivatives of small-molecule PARPis are also of diagnostic relevance, because PARP is upregulated in a number of different types of cancer [41] [42] [43] [44] [45] [46] [47] .
Intrigued by the central role of PARP1 in DNA repair and encouraged by the uniformly strong expression in malignancies, we hypothesized in 2010 that intracellular PARP could be visualized via a two-step bio-orthogonal imaging process 48 . In 2012, we first used PARPi-FL. Although other imaging agents possessing similar affinities can be synthesized, efficient wash-in and wash-out kinetics, driven by superior tissue permeability, seem to be fundamental to and characteristic of the in vivo imaging success seen with PARPi-FL 49, 50 . We have also demonstrated that PARPi-FL can be used for oral cancer screening, and its high tissue (c,f) 30 min after washing. Following washing, the cytoplasmic PARPi-FL is cleared, whereas the nuclear, bound drug remains present. Because PARP1 is a relatively large molecule (~120 kDa), a considerable change in fluorescence anisotropy is present between the free and the target-bound PARPi-FL (Fig. 1g) . Two-photon fluorescence anisotropy microscopy allows the quantification of the exact fraction of drug bound to its target in the cell. In the images, an anisotropy threshold is assigned to distinguish among the different states (bound/unbound) of the drug. When the cells are loaded, we observe nonspecifically bound drug in the cytoplasm, whereas the bound drug is present in the nucleoli, where PARP accumulates. The weighted fluorescence anisotropy images are color-mapped using the weighted RGB color-mapping scheme illustrated in the Experimental design section. Scale bars, 17 µm.
permeability allows topical application and efficient contrast generation 51 . The detailed protocol for the synthesis of PARPi-FL is given in the Supplementary Methods. In addition to fluorescent PARP inhibitors, our group has also synthesized a large number of other tagged small-molecule drugs. (See Table 1 for a list of published examples and details of how to obtain further information about these drugs.)
Microscope setup
Our imaging system (Figs. 4a and 5a ) is based on a commercially available upright imaging microscope (Olympus FV1000MPE) equipped with several laser lines provided by two solid-state diode lasers, a multiline argon laser for confocal imaging, and a mode-locked Ti:Sapphire femtosecond tunable laser (Mai Tai DeepSee, 690-1,050-nm tuning range) with adjustable dispersion compensation for two-photon and second harmonic generation microscopy. Filter cubes equipped with different dichroic mirrors (DMs) and emission filter (EF) sets allow for the simultaneous acquisition of four fluorescence channels at four distinct PMTs (Fig. 4a) . The microscope electronics and acquisition are controlled by the proprietary Olympus FluoView software installed on the main (data acquisition) PC. To process the fluorescence data during acquisition, a secondary PC (data processing PC) is needed. Software is provided (Supplementary Software) to perform stream processing during time-lapse imaging, for raw fluorescence image filtering and for fluorescence anisotropy image calculation and visualization.
A three-axis xyz translation stage is needed for accurate positioning during longitudinal imaging within the perfusion chamber. A high-numerical-aperture (NA) water-immersion objective with a 2-mm working distance is recommended for high-resolution imaging and two-photon imaging.
Although objectives with low NA do not introduce depolarization effects, it is recommended to use high-NA objectives to increase two-photon excitation efficiency. Depending on their quality, design, magnification and NA, a fluorescence depolarization study could be necessary to test for and eventually compensate for these effects [52] [53] [54] . For the objective used in this protocol, acquisitions over a field of view (FOV) of ~100 µm guarantee a proper polarization distribution within the FOV itself 4 .
Although we describe how to use the Olympus FV1000MPE microscope here, this protocol can be easily adapted to most commercially available or custom-designed imaging systems. This is because the hardware arrangements in the different microscopes are fairly similar and the necessary components can be easily exchanged in these systems. Obviously, the 3D-printed or machined polarization beam splitter (PBS) filter cube must be configured to match the proprietary slider specifications of each commercial system. However, the detection principle is the same for each one of them. Detection is generally performed on at least two fluorescence channels and typically through the use of a DM, which can be replaced by a beam splitter (as done here) or a wire grid polarizer (25.0-mm square wire grid linear polarizer, Edmund Optics) if the hardware geometry is more stringent.
Systems based on non-descanned parallel detection for hyperspectral imaging could present some challenges, depending on their design, particularly if spectral separation is achieved using gratings instead of prisms. In addition, microscopy systems equipped with detection schemes based on single-photon counting (SPC) 55 (not yet particularly common for laser scanning microscopy, even though SPC has been successfully demonstrated for fluorescence anisotropy measurements 56 ) could be problematic. The difficulty arises from the presence of afterpulses 55 , which constitute a problem for imaging detection, particularly affecting low-level signals following large-amplitude pulses. Only recently has SPC found applications in a few specialized studies [57] [58] [59] [60] [61] , but its use for FAIM would require a separate study.
The protocol described here is valid for an upright platform, which is recommended for an in vivo setting. However, the protocol could also be applied to inverted setups. In inverted setups, the angle of the waveplate (or how the single orthogonally polarized components of the fluorescence signal are collected on the detectors) must be altered on the basis of how the optical path within the microscope is designed. The microscope modifications that are necessary to perform fluorescence anisotropy measurements can be easily removed in a few seconds by sliding the Glan-Thompson (GT) polarizer out of the optical beam path and replacing the PBS cube with the standard filter cube present by default in any system. The software we describe here can be used for processing data acquired with other commercial or custom-made microscopes if data are saved in .tif format and a naming convention followed by the FluoView software is used.
Polarization beam splitter filter cube
We have explored two different methods for fabricating the PFC: 3D printing (Fig. 4b,c) and machining (Fig. 4d) . Thus, if either a machine shop or a 3D printer is available, it should be easy to implement the protocol. Machining is a traditional manufacturing method that includes milling, drilling and computer numerical control (CNC) machining processes. Traditionally, machining provides very high accuracy and is best suited to the production of high-precision parts for microscope components. Because each single machining process (e.g., drilling a hole) leads to additional costs and because complicated designs cannot be easily manufactured or involve many-step processes, it is generally recommended to design parts that are as simple as possible.
3D printing is a rapidly growing manufacturing process known in the past as rapid prototyping. It is generally fast and costeffective, and can make complex parts without additional cost and difficulty. Currently, the maximum precision that typical 3D printing can achieve is hundreds of micrometers, and material selection is also limited to specific materials such as plastic and resin. However, it is expected that the resolution of 3D printing will continue to further improve with next-generation printers. For comparison purposes, we have therefore manufactured the PFC using both techniques, and we provide STL files for the two manufacturing routes (Supplementary Data 2).
The PFC (Fig. 4b) consists of a sliding holder containing two polarizers, an EF and a polarizing cube beam splitter. It replaces the common EFs' sliding cube holder, which is positioned after the DM and directly before the detecting photomultipliers (Fig. 4a,e) . Considering the cost, 3D printing is therefore a good choice for this manufacturing application.
3D printing often results in cumulative errors because of varying conditions such as temperature, and there is also a little variation in the size of the commercial filters and cube beam splitters. Therefore, when sketching the PFC for 3D printing (Fig. 4b) , it is desirable to design the filter cube with a little larger tolerance in the components containing the filters and the cube than the specification given for the tolerance of the 3D printer. Here, for example, the circular hole space for the filters was designed with a 0.5-millimeter tolerance, which is approximately twice the precision of the 3D printer that we used. This tolerance is not a problem for the alignment of the optics, which at the detection stage is not sensitive to small variations.
System characterization
After two-photon excitation, fluorescence emission is epi-collected by the objective, separated into two orthogonal polarization components and focused on two PMTs (Fig. 4a,e) .
The DMs and imaging objective affect both transmissivity and reflectivity, in addition to affecting collection and focusing of the different polarization components of the light in different ways. It is therefore important to make sure that the alignment of the optical components is performed properly by placing them accurately in the light path. First, the polarization controller unit (PCU) (Fig. 5 ) must be aligned accurately to ensure a very high extinction ratio between the two orthogonal polarization components. This will ensure that the incoming excitation state of polarization is highly polarized along one preferential axis. Then the extinction ratio of the PBS positioned within the polarizer cube filter must be measured and the polarizers must be aligned to avoid any mismatch that could alter the readings. A differential detector sensitivity (G-factor) can be determined using two methods. In the first method, the optical properties of all components with respect to polarization transmissivity and reflectivity are measured, as described by Lakowicz 13,14 and Dix 62 . An alternative method uses a series of fluorophores as polarization standards 63, 64 . Fluorescein in aqueous solution, because of its moderate lifetime of ~4 ns and short correlation time, exhibits a very low value of fluorescence polarization. However, a wellestablished number has not yet been determined, which makes it difficult to use it as a valid standard. An alternative is ruthenium tris(bipyridyl) [Ru(bipy) 3 ], which has a very long-lived excited state, resulting in effectively a zero fluorescence polarization value across its entire excitation band 63 . By fine-tuning the PMT voltage of the two acquisition channels, the condition for calibration can be then determined. The calibration procedure for the appropriate EF should be tested. In our protocol, we have used two different optical filters covering a combined range from 495 to 630 nm. Calibration in the region of 495-540 nm can be done with fluorescein. Calibration from 575 to 630 nm can be done using ruthenium tris(bipyridyl) [Ru(bipy) 3 ]. With fluorescein, attention needs to be paid to controlling the pH of the final solution; unfortunately, alternatives in that emission range are not yet well established.
Measurements of the standards should be carried out before and at the end of each imaging session. This ensures that fluorescence anisotropy values are consistent and can be compared. In addition, it must be ensured that the fluorophores are used at concentrations that avoid quenching and inner filter effects 63 . This is particularly true for fluorescein.
The use of fluorescence anisotropy standards characterized by high fluorescence anisotropy values is also highly recommended, because the presence of depolarization effects will tend to reduce their values. As a standard, we have chosen a solution of pyridine 1 in propylene glycol (PG). In addition, measurements of a solution of fluorescein dissolved at different ratios of glycerol/water can be used to monitor the accuracy of the alignment and to establish the sensitivity for detecting changes in anisotropy across a large range of values.
Image acquisition and processing
Two separate fluorescence anisotropy images are obtained that are combined numerically according to equation 1. Each image, recorded by two different PMTs, presents a certain amount of signal-to-noise ratio (SNR) depending on several imaging and fundamental parameters, particularly when the PMTs are operating at high voltages. The noise superimposed on the collected images propagates in a nonlinear way to give rise to fluorescence anisotropy images that exhibit considerable noise levels. Even if measurement errors in the raw fluorescence images may not appear severe, fluorescence anisotropy calculation leads to a more complex form of noise, which may exceed the fluorescence anisotropy signal. In such a situation, features within fluorescence anisotropy images are fairly undistinguishable and the underlying information unusable.
To design viable methods that are capable of avoiding or at least reducing information loss, it is important to understand the nature of the errors related to the collected fluorescence images. The quality of the fluorescence anisotropy images is directly related to the signal intensity, as in the first approximation the major contribution to noise in raw images is due to the discrete nature of light, which is properly described by a Poisson distribution. Therefore, to ameliorate the quality of the images, it is sufficient to increase the number of photons collected. To achieve this goal, several strategies can be adopted: adjusting the laser power, increasing the dwell time, and image averaging are common ways used by microscopists to increase the quality of the images in terms of SNR. However, all these methods may lead to photobleaching or cellular damage. Furthermore, both dwell-time increase and image averaging hamper the speed of acquisition, limiting the possibility of imaging fast dynamic events. An alternative solution relies on the use of image-processing techniques. Instead of operating on the calculated anisotropic images, image processing is applied to the raw fluorescence images before computing the fluorescence anisotropy. This strategy avoids bias in fluorescence anisotropy estimates 64 . Applying filtering to the raw fluorescence images is also preferable, as modeling of noise statistics in anisotropy images is more complicated, requiring the implementation of much more complex algorithms. Although numerical filters may lead to loss of spatial/temporal resolution, the benefits of such procedures usually overcome this limitation.
Gaussian and median filters are examples of linear and nonlinear filtering techniques, respectively, and are widely used in image processing. Gaussian filtering has been exploited to reduce noise in FAIM 65 . The median filter can also be effectively implemented, as it reduces pixel noise by applying a nonlinear transformation on groups of neighboring pixels. The filter is often used in image processing when outliers are present and has the advantage of preserving edges better than the Gaussian filter. However, its kernel size should be generally limited, as artifacts can potentially be introduced by the nonlinear computations involved.
Herein we suggest the use of a combination of these two filters rather than choosing one over the other, and their optional implementation is available in both the OnLine and OffLine software (Supplementary Software).
We therefore recommend keeping the kernel sizes as small as possible (3 × 3) to benefit from the nonlinear features of the median filter (e.g., against outliers), leaving the task of smoothing the noise linearly to a subsequent Gaussian filter. However, although the Gaussian filter is capable of smoothing the signal, leading to images lacking filter-induced artifacts, it is far less effective against outliers.
The Gaussian filter in our software is implemented as a weighted average of pixels falling within a prefixed window. It is important to emphasize that the filter may induce oversmoothing if its design parameters are not chosen properly. In fact, an optimal choice of parameters provides the best tradeoff between smoothing and image-features preservation. The Gaussian filter also exhibits an important property (separability) that is particularly useful when fast processing is required. In computers, Gaussian filters are implemented as numerical convolution. By exploiting the associative property of convolution, the filtering can be reduced to two sequentially applied 1D convolutions. In practice, 1D convolution is applied along image rows, and then along columns. In addition, the outcome does not change if the order is switched-i.e., if the convolution is applied along image columns and then along rows. This method has important advantages, as the number of computations is in general considerably reduced if two 1D filters are applied sequentially rather than using a 2D Gaussian kernel directly. In the OffLine/OnLine software provided (Supplementary Software), we exploited the sequential applied filter implementation to achieve faster stream processing for anisotropy visualization during fluorescence image acquisitions.
Visualization mapping
Two-photon fluorescence anisotropy microscopy can provide accurate spatial and temporal maps of fluorescence anisotropy distributions in living cells. However, the direct computation and visualization of the fluorescence anisotropy arising from raw fluorescence images often leads to uninformative results. The cause is primarily attributed to the presence of noise in the original fluorescence images (Fig. 6) . Because fluorescence anisotropy is a ratiometric measurement, the calculated image is prone to appearing noisier than the collected fluorescence images from which it is computed (Fig. 6) . Unsatisfactory results are also obtained under regular imaging conditions-i.e., with sufficient SNR. By properly tuning the acquisition parameters, the SNR of the images may be increased-for instance, by averaging over multiple acquisitions or by increasing the integration time. In addition, denoising of the acquired fluorescence images can be exploited. However, in general, because fluorescence anisotropy images provide information on the degree of anisotropy whereas fluorescence intensity images contain detailed structural information, the two representations may present a low degree of correlation ( Fig. 6a-d) . To overcome the lack of structural information present within the fluorescence anisotropy images, different information fusion methods can be implemented. The same issue is present, for example, in fluorescence lifetime imaging microscopy, in which one approach for merging lifetime and fluorescence image features into a single image representation can be realized by implementing a method that maps functional and structural features into the hue-saturationvalue (HSV) color space 66 . For our representation, we used a similar approach, but we exploited the red-green-blue (RGB) space rather than the HSV space to merge data. The merging algorithm used in our visualization software splits the pixels' anisotropy values into three separate clusters. Manually selected thresholds are used for this. Blue, green and red correspond to the clusters with lowest, intermediate and highest values, respectively. However, the presence of noise in the anisotropy image and the choice of hard thresholding for coloring clusters have the disadvantage of leading to artifacts. To overcome this issue, discontinuities are replaced with smoother transitions. Color intensity is then modulated (weighting) upon the total fluorescence intensity. As a result, colors appear dark if they originate from pixels with low fluorescence intensity values (statistically less relevant), whereas they appear bright in the opposite case. The advantage of the proposed procedure is twofold: (i) weighting acts somehow as an image filter, as pixels with the highest noise levels in anisotropy are mapped to the darkest levels in intensity; and (ii) weighting allows the clustered anisotropy and fluorescence images to be merged. This leads to a single image that contains both the functional and structural information. With manually selected thresholding, the cluster with the highest values is determined by measuring the fluorescence anisotropy distribution after a few minutes of washing (here specifically after 10 min) such that all the fluorescence signal present within the cells is due to drug molecules specifically bound to their targets. The intermediate cluster can be calculated by measuring the fluorescence anisotropy distribution during the loading phase of the drug. The cluster with the lowest values is assigned to all anisotropy values below those of the intermediate-values cluster. A possible alternative way to assign the highest and the intermediate clusters would be to perform washing and competitive experiments to determine the anisotropy values corresponding to the bound and unbound states within the nucleus and the cytoplasm.
Software
We acquire two-photon fluorescence images using an Olympus laser scanning microscope system (FV1000MPE) in combination with the proprietary Olympus FluoView software. The fluorescence anisotropy images can then be displayed in stream processing while the raw fluorescence images are acquired in time-lapse modality (using the OnLine software) or during a postacquisition (using OffLine) phase. Whereas the OnLine program is designed to be used as an add-on to the FluoView software to provide fluorescence anisotropy visualization during scanning, the OffLine program can be used on previously gathered images. The OffLine program features an export function for saving processed images.
The software is intended to work in combination with the Olympus FluoView software with data saved in the .oif format, but it can be implemented with any other imaging acquisition software, as long as the data are saved in .tif format and the same naming convention as is used for the Olympus FluoView software is followed (refer to the Olympus FluoView manual for detailed instructions).
Even though other imaging systems are controlled by different software, the parameter selection is always similar, if not exactly the same, for all of them.
The two software programs we use exploit user-friendly graphical user interfaces (GUIs) and are designed to compute and display both fluorescence anisotropy and weighted fluorescence anisotropy. The GUIs also offer the user the choice to apply basic image processing to the raw fluorescence images before computing the fluorescence anisotropy, in order to reduce noise and optimize the visualization results.
It is better to avoid running the OnLine program on the same PC as the one controlling the microscope (data acquisition PC) to avoid problems in the acquisition that could be due to limited available memory or due to the number of other programs concurrently running on it. We recommend instead sharing a temporary folder from the data acquisition PC over the network while running the OnLine software on a secondary PC (data processing PC). To achieve faster transfer speed (1 Gbps) between the two PCs, a direct crossover Ethernet cable could be considered as an alternative to a network connection.
The image processing and elaboration necessary for the computation of the fluorescence anisotropy images can be performed using different commercially available or open-source software packages (e.g., Visual C ++ , Python, MATLAB). We have decided to write our software in MATLAB and to build it into a stand-alone executable in binary format. For the software to run on computers without the MATLAB platform installed, a stand-alone set of shared libraries that enables the execution of the compiled MATLAB applications can be downloaded (MATLAB Runtime, R2015a v8.5, 64-bit). Both 32-and 64-bit versions of the MATLAB Runtime installer can be directly downloaded from the MathWorks website.
In addition to the OnLine and OffLine software (Supplementary Software), we provide a program to calculate the noise background for each photodetector (BackgroundEstimation), which needs to be subtracted to correctly calculate the fluorescence anisotropy 67 . It is important to note that the correction of the background contribution to a fluorescence anisotropy measurement cannot be obtained by direct subtraction of the background anisotropy from the sample anisotropy. Instead, measurements of the parallel and perpendicular components of the background signal must be subtracted from the respective measurements of the sample 67 .
We also provide a program (AnisotropyCalculation, Supplementary Software) to calculate the average fluorescence anisotropy over an image. This last program calculates the average anisotropy over an acquired set of images, and is particularly useful when measuring dye solutions for standard calibration purposes or for obtaining binding isotherms.
Acquisition parameters
Different acquisition parameters must be selected depending on whether fluorescent solutions or live cells are imaged. When imaging standard calibrating solutions or dyes, we recommend acquisition with image sizes of 256 × 256, and with pixel integration times between 20 and 100 µs, depending on the quantum efficiency and concentration of the fluorophore. Laser power should be kept between 0.1 and 5 mW, as measured at the exit of the objective. A zoom factor of 13× is also recommended. For cell imaging, typical image sizes are 512 × 512 or 1,024 × 1,024, with a dwell time of 20 µs per pixel. A zoom factor 3× is preferable, in order to avoid NA-induced depolarization effects at the edges of the imaging FOV. Image averaging or noise filtering is also recommended if the SNR of the images is low.
• 
Fluorescently labeled drug
We use PARPi-FL, as discussed in the introduction. Preparation of PARPi-FL is described in detail in the Supplementary Methods. EQUIPMENT SETUP Laser scanning microscopy system The two-photon laser scanning microscopy system that we use for FAIM is based on a commercially available Olympus FV1000MPE confocal and multiphoton microscope controlled by the Olympus FluoView software. Assembly is described in the Procedure. HPLC For semipreparative HPLC, a Phenomenex Jupiter C18 reversedphase analytical column (5 µm, 300 Å, 10 × 250 mm) on a Shimadzu UFLC system consisting of a degasser (DGU-20A3), pump (LC-20AB), detector (SPD-M20A), module (CBM-20A) and a fraction collector (FRC-10A) should be used. The fraction collector should be equipped with disposable borosilicate glass tubes. The linear gradient of water (0.1% trifluoroacetic acid, mobile phase A) and acetonitrile (0.1% trifluoroacetic acid, mobile phase B) should start with 5% and reach 95% of mobile phase B over 15 min with a flow rate of 3.0 ml/min; this should be followed with 95% of mobile phase B for 3 min. The UV detection should be set to 280 nm. For analytical HPLC, a Waters Atlantis T3 C18 reversed-phase analytical column (10 µm, 100 Å, 4.6 × 250 mm) using the same equipment setup with the same linear gradient and a flow rate of 1.0 ml/min should be used. Liquid chromatography mass spectrometry For LCMS, a Waters Atlantis T3 C18 reversed-phase analytical column (5 µm, 100 Å, 4.6 × 100 mm) on a Shimadzu LCMS system consisting of a degasser (DGU-20A5), pump (LC-20AD), autosampler (SIL-20AC), detector (SPD-20AV), module (CBM-20A), nitrogen generator (NM32LA) and a liquid chromatograph mass spectrometer (LCMS-2020) should be used. The autosampler should be equipped with a Shimadzu Prominence autosampler vial containing the substance solution (<1 µg/ml). The linear gradient of water (0.05% formic acid, mobile phase C) and acetonitrile (0.05% formic acid, mobile phase D) should start with 5% and reach 95% of mobile phase D over 6 min with a flow rate of 0.5 ml/min, and should be followed with 95% of mobile phase D for 2 min. The UV detection should be set to 280 nm. The injection volume of the sample should be 10 µl. NMR spectroscopy For NMR spectroscopy, a Bruker Ultrashield 600 Plus and NMR sample tubes from Wilmad LabGlass should be used. The sample (0.8-0.9 mg) should be dissolved in DMSO-d 6 (600 µl) and a NMR sample tube should be charged with the resulting PARPi-FL solution. Then, the NMR vial should be placed into the autosampler of the NMR spectrometer and default settings for acquiring 13 C NMR and 1 H NMR spectra should be chosen. proceDure assembly of the polarization control unit • tIMInG 3-4 h 1| Turn on all the microscope controllers, the Mai Tai femtosecond pulsed laser and the computer controlling the Olympus microscope (data acquisition PC). Launch the Olympus FluoView control software. Because this article discusses the modification and adaptation of the commercially available Olympus FV1000MPE laser scanning microscope, it is recommended that the user be familiar with the system's user manuals for precise start-up procedures. ! cautIon This protocol requires open beam alignment while working with a Mai Tai Class IV high-power laser operating in the IR spectral range, which is extremely dangerous to the eye. It is very important to take appropriate safety precautions. Refer to the laser safety section of the Mai Tai laser for the proper recommendations. Wear protective goggles at all times during the waveplate and the GT alignment procedures (Steps 1-12) . It is also recommended, during Mai Tai alignment, to work with the lowest power possible and with the room lights on.
2|
In the 'Image Acquisition Control' window, set the FluoView software for two-photon acquisition modality (red box 1, supplementary Fig. 2 ).
3|
To perform the alignment of the PCU (Figs. 4a and 5a,b) , open the laser shutter in the 'Acquisition Setting' window (red box 1, supplementary Fig. 3) . The laser beam must pass through the acousto-optic modulator positioned right before the beam expander (BE) (Figs. 4a and 5a) . For this to occur, it is necessary to run an acquisition through the FluoView software.  crItIcal step If you are operating the microscope with light present in the room, attention must be paid in order to avoid saturating or perhaps damaging the PMTs. In the 'Image Acquisition Control' window, set the PMT voltages to zero (red boxes 2,3, supplementary Fig. 2) .
4|
Press the 'XY' button in the 'Image Acquisition Control' window (red box 4, supplementary Fig. 2) to start a single image acquisition. In the 'Acquisition Setting' window within the 'Mode' setting, select single-point scanning (red box 2, supplementary Fig. 3 ) and position the point in the center of the acquired image (red boxes 1,2, supplementary Fig. 4 ). This will ensure that during acquisition the laser is not scanned across the back-aperture of the imaging objective but will instead remain fixed in position over time.  crItIcal step This option should be set only during this phase of the protocol. For dye and cell imaging, acquisition should be set to square imaging.
5|
Press the 'Time' button (red box 5, supplementary Fig. 2 ) in the 'Image Acquisition Control' window to activate the time-lapse acquisition option, and in the 'TimeScan' section of the 'Acquisition Setting' window, select 'FreeRun' in the 'Interval' field (red box 3, supplementary Fig. 3) , and set an appropriate value N for the number of frames to be acquired (typically 10,000) (red box 4, supplementary Fig. 3 ). In the 'Mode' settings window, choose an integration time of 100 µs (red box 5, supplementary Fig. 3) , and in the 'Size' settings window, choose an image size of 256 × 256 6, supplementary Fig. 3 ). In the 'Microscope' settings window, select the proper objective specifications (red box 7, supplementary Fig. 3) .  crItIcal step Depending on the amount of RAM available, the number of frames (N) could be limited.
6|
Make sure that the laser shutter is OFF, and unscrew the lens tube cover connecting the BE (Fig. 4a) to the steering combining mirrors (SCMs; Fig. 4a ). ! cautIon Make sure to wear protective goggles.
7|
In the 'Image Acquisition Control' window, press the 'XY' button (red box 4, supplementary Fig. 2) to start an acquisition and open the shutter of the laser.  crItIcal step In the 'Acquisition Setting' window, within the 'Laser' settings area, set the parameters of the two-photon excitation laser such that it operates at the appropriate wavelength and it is set at low power (1-5%) (red boxes 1 and 8, supplementary Fig. 3 ).
8|
Insert the GT polarizer (Figs. 4a and 5b) into a 360° continuous rotation stage mounted at the exit of the BE and block one of two orthogonal linear polarization components.  crItIcal step Pay attention that the alignment of the beam does not change as a result of the insertion of the GT polarizer. Use a pinhole mounted at the entry of the SCMs to facilitate the adjustments.  crItIcal step Because we found the light to be elliptically polarized on different imaging systems, we recommend blocking the minor axis to increase the excitation power and to rotate the axis using the half-wave plate (HWP).
9|
Insert the HWP (Figs. 4a and 5b) into a 360° continuous rotation stage and mount it following the GT polarizer (Fig. 5b, supplementary Data 1) . As above, pay attention to ensure that its insertion into the optical path does not change the alignment of the beam. ! cautIon During alignment procedures, use the IR sensor card to trace the beam in space along its path. . 5a ). Remove the objective and align the polarizer such that its orientation is parallel to the microscope y axis.
11|
Position the power meter below the linear polarizer, and start an acquisition by pressing the 'XY' button (red square 4, supplementary Fig. 2 ) in the 'Image Acquisition Control' window. The laser shutter will open. Read the power as measured at the exit of the polarizer, after properly setting the acquisition parameters of the power meter. The settings are dependent on the particular model used and the reader can refer to its user manual.
12|
Rotate the HWP to make sure that there is correct rotation of the optical axis and a good extinction ratio between detection at the two orthogonal directions (ŷ and x). Graph the measured intensity as a function of angle. In our case, we measured a better than 1:100 ratio (supplementary Fig. 5) .  crItIcal step Make sure that there is proper alignment at the wavelengths intended to be used for the proper fluorophore excitation.
assembly of the polarization filter cube • tIMInG 1-2 h 13| Choose the appropriate material for manufacture of the PFC, such as production-grade thermoplastic.
14| 3D-print all the components for the PFC using the STL files included with the article, or have the filter cube manufactured by a machining service (PFC, Fig. 4b-d, supplementary Data 2) .  crItIcal step Although we use our own printer (uPrint, Stratasys), several 3D-printing and CNC machining services are available online, such as Proto Labs. Figure 4b .  crItIcal step In this work, we present data collection and analysis of fluorescence anisotropy performed using only two channels (i.e., a single PBS, Fig. 4b ).
15| Assemble the PFC as indicated in the exploded view in

19|
Mount 180 µl of Ru calibration solution in an imaging chamber gasket positioned over a glass microscope slide, and seal the gasket with a round microscope coverslip. Also mount 180 µl of dH 2 O in a similar imaging chamber gasket.  crItIcal step Let the imaging chamber gasket stabilize in position before imaging (~30 min).
20|
Insert into the top part of the PFC the EF centered at 600 nm, so that the two orthogonal components of the polarization are detected by PMT 3 (perpendicular) and PMT 4 (parallel), respectively.  crItIcal step The filter can be inserted alternatively into the bottom part of the PFC. In this case, PMT 1 and PMT 2 must be considered.
21|
Turn on the microscope controllers, laser subsystems and the data acquisition PC. Launch the FluoView control software on the data acquisition PC, and, in the 'Acquisition Settings' window, set the acquisition modality for two-photon imaging (red box 1, supplementary Fig. 2) . Tune the Ti:Sapphire laser to 750 nm and set the excitation laser power at 15% in the 'Laser' section. Set a dwell time of 20 µs per pixel, choose a zoom factor of 13 and set the scan area to 256 × 256 pixels. Select the 25× objective. In the 'Image Acquisition Control' window, mark the checkboxes for PMT 3 and PMT 4 and set the voltage values to 558 and 629.  crItIcal step The voltage numbers are unique for each system and depend on the PMTs and their alignment with respect to the imaging and collecting lenses.  crItIcal step Noise on the detection channels changes greatly over time, reflecting the SNR of the images. More importantly, because the dark noise must be properly subtracted from the acquired fluorescence images, the noise must be measured periodically. It is therefore important before taking any measurement to make sure that the Ti:Sapphire laser has been turned ON for 1 h in order to stabilize and that all the electronic components of the microscope have been turned ON for at least 2 h. In this way, the noise will remain approximately constant over the course of the entire experiment.  crItIcal step Because of the presence of the GT polarizer, the real power at the objective is approximately half of that before its insertion (i.e., 15% in the modified configuration corresponds to roughly 7% in the standard microscope configuration).
22| Take a measurement of the background noise. Turn the laser shutter to OFF, and start an acquisition by pressing the 'XY' button in the 'Image Acquisition Control' window.
23|
Launch the BackgroundEstimation software (provided with the article) and in the GUI, press the button 'Load Image A' ('Load Image B') (red boxes 1,2 supplementary Fig. 7) to load the images corresponding to PMT 3 (PMT 4). Press the button 3, supplementary Fig. 7 ) to measure the background noise for the two acquisition channels PMT 3 and PMT 4 (red boxes 4,5 supplementary Fig. 7) .  crItIcal step For our system, we found that the background noise is equal to the dark noise. This may not be true for other systems and will ultimately depend on the quality of the dichroics and filters present. Use the dH 2 O-filled imaging chamber gasket prepared at Step 19 to determine the background signal.
24|
Place the mounted Ru calibration solution under the imaging objective, and take a measurement of the fluorescence on the two channels PMT 3 and PMT 4. Adjust the power excitation in order to achieve a good SNR for both images. The solution presents a low anisotropy value across a large excitation spectrum (Fig. 7) .  crItIcal step Avoid acquisition of fluorescence images with saturated pixels, which could produce artifacts in the calculation of the fluorescence anisotropy. ? troublesHootInG 25| Launch the AnisotropyCalibration software (provided as supplementary software) to calculate the average anisotropy value of the solution. In the GUI, press the buttons 'Load Image A' ('Load Image B') (red boxes i,ii, Fig. 8 ) to load the fluorescence images acquired with PMT 3 and PMT 4. In the 'Thresholds' settings window (red box iii of Fig. 8) , enter the threshold values for the background subtraction calculated above, and press the 'Anisotropy' button (red box iv, Fig. 8 ) to calculate the average fluorescence anisotropy (red box v, Fig. 8 ) and save the fluorescence anisotropy image (red box vi, Fig. 8 ).
26| Adjust the voltage of PMT 4 to set the anisotropy equal to zero. These voltage settings should be used for all fluorescence anisotropy measurements.  crItIcal step Fluorescence anisotropy measurements may require different ranges of PMT voltages depending on the fluorophore or fluorescently labeled drug used and the absolute abundance of the fluorophore or the target. It is therefore recommended at this point to calibrate the system at several voltages.  crItIcal step Fluorescence anisotropy is calculated at each pixel and may vary in total intensity depending on the features of the image, particularly when imaging cells. It is important to make sure that the PMTs exhibit a linear behavior across the entire detection range. 27| Mount 180 µl of RhBMeth calibration solution in an imaging chamber gasket positioned over a glass microscope slide, and seal the gasket with a round microscope coverslip. Use the same settings as the ones selected before within the FluoView GUI. Collect a series of measurements and, as excitation power, choose a series of values such that the fluorescence signal goes from zero (after background subtraction) to saturation.
28|
With a power meter, measure the total excitation power at the exit of the objective, and plot on a log-log scale the two-photon-induced fluorescence as a function of excitation power, calculated as the average of the entire fluorescence image. Calculate the fitting parameter and make sure that the PMTs are behaving linearly and in the same way for the different voltage settings (Fig. 9a-c) .  crItIcal step For our imaging systems, we found that the PMTs behaved linearly across their entire range of detection at different voltage settings. In addition, when plotted on a log-log scale, the fitted slopes of the measured values of two-photon fluorescence intensity versus excitation intensity are in accordance with the values reported in the literature (1.99 and 1.97 for fluorescein and rhodamine B, respectively, at 755-nm excitation) 68 .
? troublesHootInG
29|
To test the settings and calibrate the system in the 517-nm emission range, mount 180 µl of Fl calibration solution in an imaging chamber gasket positioned over a glass microscope slide, and seal the gasket with a round microscope coverslip. The solution presents a low anisotropy value across a large excitation spectrum (Fig. 7b,e,h ).
30|
Insert into the top part of the PFC the EF centered at 517 nm, so that the two orthogonal components of the polarization are detected by PMT 3 and PMT 4.
31|
Repeat the steps described above (Steps 21-26) to set the proper voltage settings necessary to achieve zero fluorescence anisotropy and to measure the linearity of the detecting PMTs in the 517-nm fluorescence emission range (Steps 27 and28) (Fig. 9d-f ).
High anisotropy measurements • tIMInG 2 h  crItIcal
It is important to verify that after the system calibration part of the protocol, measurements of samples presenting high values of anisotropy are reproducible over the course of different experiments. This guarantees that fluorescence anisotropy images collected during the same imaging session or on different days can be compared and used for further analysis across their entire range of anisotropy values. For this purpose, we need a convenient solution that can be easily accessed and routinely used. We chose to work with a solution of pyridine 1 in PG (Py1-PG calibration solution), with fluorescence emission in the 600-nm range. Alternative samples that can be used include commercially available autofluorescent plastic slides. Bear in mind that the reproducibility across slides from different stocks is not guaranteed. 32| Mount 180 µl of Py1-PG calibration solution in an imaging chamber gasket positioned over a glass microscope slide, and seal the gasket with a round microscope coverslip.
33|
Insert into the top part of the PFC the EF centered at 600 nm, so that the two orthogonal components of the polarization are detected by PMT 3 and PMT 4.
34|
Repeat the steps described above (Steps 21-25) using the PMT voltages, and collect images. Calculate the average value of fluorescence anisotropy using the AnisotropyCalibration software, and keep record of its value at the wavelength of interest for future comparisons over time (Fig. 7c,f,i) .  crItIcal step If discrepancies between measurements are present, it is recommended to perform a realignment of the optical components, perform another calibration or prepare a new solution. Temperature variability can also cause problems when measuring fluorescence anisotropy, so extreme care must be taken to keep the imaging room at a constant temperature. 
40|
Remove each Eppendorf tube from the ice and incubate at room temperature for 10 min to reach equilibrium before measuring. Use a pipette to mix the solution repeatedly. 
41|
Mount the titrating solution in an imaging chamber gasket and insert into the top part of the PFC the EF centered at 517 nm.
42|
Repeat Steps 21-25 and collect three measurements for each titrating solution. Using the AnisotropyCalibration software, calculate the average value of fluorescence anisotropy, after proper background subtraction.
43|
Plot the values of the fluorescence anisotropy for all titrating points as a function of the log of the receptor (NeutrAvidin) concentration normalized for the BODIPY-biotin concentration (Fig. 11) . The anisotropy of the free and bound states is determined by the top and bottom part of the semi-log binding isotherm. Using equation 4, the measured anisotropy can be directly converted into the fraction of bound versus free BODIPY-biotin.  crItIcal step The number of binding sites per NeutrAvidin molecule is equal to four; therefore, remember to rescale the receptor concentration.
Imaging of phantoms • tIMInG 1 h  crItIcal Before proceeding with cell imaging, it is recommended to perform FAIM tests on phantoms presenting different degrees of anisotropy and distinct morphological features.
44| Prepare a series of coverslips with fluorescent microspheres as indicated in the Reagent Setup section.
45|
Take several images, adjusting the zoom factor and the imaging plane. Choose the proper values for laser intensity and integration time, to avoid image saturation and guarantee good SNR.
46| Postprocess the data as described in Step 75 and make sure that there is good separation in fluorescence anisotropy between the two populations of beads (Fig. 12) .  crItIcal step If the two populations cannot be clearly resolved, the calibration and alignment of the imaging system must be repeated. 48| Let the stock solution of PARPi-FL warm to room temperature for 10 min.  crItIcal step Handle the tracer with care in the dark.
49|
Set up an amber glass vial (4 ml) on the balance and tare the balance.
50|
Charge the amber glass vial with PARPi-FL (1.0 mg).
51|
Dissolve the PARPi-FL with PEG 300 (1.0 ml).  crItIcal step It may be necessary to warm the sample at 37 °C for 1 min.
52|
Transfer 50 µl of the PARPi-FL solution to a microcentrifuge tube.  crItIcal step Immediately close the tube and store it in the dark at 20 °C for up to 12 h.
53| Repeat
Step 52 until no more stock solution remains.  pause poInt Store aliquots of PARPi-FL at −80 °C for up to 12 months.
54|
Before imaging, let the PARPi-FL aliquot warm to room temperature for 10 min.  crItIcal step The color of the solution should be green. It may be necessary to warm the sample at 37 °C for 1 min.
55| Prepare 1-ml aliquots of inhibitor at a 1 µM concentration in culture medium.
preparation of adherent cells for fluorescence anisotropy imaging • tIMInG 24 h 56| Incubate the cells in the culture medium, in a T125 flask at 37 °C with 5% (wt/vol) CO 2 in humidified air.
57|
When the cells reach 80% confluence, trypsinize them with 0.5% trypsin until all cells have detached, place the cells in a 50-ml Falcon tube and deactivate the enzymes by adding 2× cell culture medium.
58|
Centrifuge the cell suspension at 300g for 3 min at 25 °C and resuspend at a density of 67,000 cells per ml in medium. Count the cells using a standard hemocytometer.
59|
Prepare a six-well plate by placing the seeding coverslip into each well and adding 3 ml of the cell suspension directly to the surface of the coverslip.  crItIcal step Care must be taken to ensure that the cell suspension is added only to the surface of the coverslip. If more medium is required, then add some 4-6 h after plating the cells.
60|
Incubate the plated cells for 24 h before imaging (37 °C, 5% (wt/vol) CO 2 ), ensuring qualitatively that the cells are at 80% confluency on the coverslip.  crItIcal step It is critical to conduct the imaging by at most 48 h post plating to ensure that contact inhibition or cell death does not influence the results.
preparation of the closed-bath imaging chamber for time measurements • tIMInG 30 min 61| Apply a small amount of grease to the bottom groove of the imaging chamber, and gently press one coverslip into position. Place the chamber in the imaging platform.
62| Fill a 10-ml syringe with culture medium (syringe A) and another 10-ml syringe with a 1 µM solution of PARPi-FL in culture medium (syringe B). Connect the two syringes to the perfusion manifold with tubing (supplementary Fig. 8 ).
63| Connect the perfusion manifold to the imaging chamber, and gently fill the bath area with the culture medium through the inlet port.
64| Apply a small amount of grease to the top groove of the imaging chamber, and gently press one cell-seeded coverslip into position. Remove excess grease, and seal the imaging chamber.  crItIcal step Make sure that the cells are oriented toward the inside of the imaging chamber.
65|
Connect the vacuum outlet port to the side arm of the trapping flask. Place the black rubber stopper into the top of the flask and connect it to the back end of a syringe connected by tubing to the outlet port of the imaging chamber (supplementary Fig. 8 ). The vacuum trap will ensure that during perfusion of the imaging chamber the outgoing solution from the chamber outlet is dispensed into the flask, keeping the top of the imaging coverslip free of any fluorescent dye and avoiding background fluorescence signal.  crItIcal step Make sure that the solutions are all at a starting temperature of 37 °C. If bubbles are present within the imaging chamber, they should be removed.
66|
Set the heating plate at 37 °C, and fix both the plate and the imaging chamber to the microscope translation stage.
selection of microscope parameters for live-cell imaging • tIMInG 30 min 67| In the FluoView program, set the microscope laser parameters. Select two-photon-mode acquisition with near-IR femtosecond laser excitation. A typical two-photon imaging session of live cells requires between 5-and 10-mW laser power at 910 nm for PARPi-FL FAIM. For other fluorophores, the appropriate laser excitation wavelengths must be selected.
68|
In the 'Image Acquisition Control' window, press the 'Light Settings' button (red box 7, supplementary Fig. 2) and, in the 'LightPath & Dyes' window, select the appropriate detection light paths (red box 1, supplementary Fig. 6 ). Choose the right combination of PMTs (PMT 3 and PMT 4 in this protocol). Place the EF centered at 517 nm within the PFC. This EF best matches the fluorescence emission spectra of BODIPY-FL; if a different inhibitor is used, choose an appropriate EF.
69|
In the 'Acquisition Setting' window, choose a dwell time of 20 µs per pixel, with an image size of 512 × 512. Within the 'Area' settings, select a zoom factor equal to 3.0, and in the 'Microscope' settings, choose the 25× imaging objective (Olympus XLPLN25XWMP2). In the 'Laser' settings area, set the excitation wavelength of interest at 910 nm, and set the laser power to 10%. In the 'Image Acquisition Control' window, select PMT 3 and PMT 4, and set the voltages (HV) at the appropriate level previously determined during the system calibration procedure.  crItIcal step The laser power and the voltage settings must be determined for the experiment conducted and the quantum efficiency of the fluorophore of interest. Higher voltages enhance the detected signal level but also increase the background noise level in the image. The balance between laser exposure level and PMT gain must be determined empirically through adjustment of settings during imaging, in order to obtain the best SNR.
70|
Record test fluorescence images to check that the signal is well above the noise and to further optimize the microscope settings.
71|
To increase the SNR, process the images for noise filtering (Step 75) or, alternatively, average images acquired over multiple acquisitions. In the 'Image Acquisition Control' window within the 'Filter Mode' group box (red box 8, supplementary Fig. 2) select Kalman, choosing a value of 4 or 16, depending on the amount of signal recorded, and opting for 'Line' filtering. Alternatively, when performing measurements of dynamic events, it is recommended to perform noise filtering using the denoising options offered by the software included in the protocol.  crItIcal step Although averaging improves the overall SNR, it will tend to greatly increase the acquisition time (by a factor of N, where N represents the number of acquisitions). This is not recommended if following events in real time or if the dynamics are relatively fast. It is instead preferable to noise-filter the data using the software included with this protocol.  crItIcal step The FluoView manual erroneously reports that the Kalman accumulation algorithm is calculated according to I{n} = (I{n−1}*(n+1)+I tn )/n, where n is the number of image acquisitions, I{n} is the result of n-times Kalman accumulations and I tn is the current acquired image. For n = 1, I{1} is equal to I t1 . The correct formula used by the FluoView program is instead I{n} = (I{n−1}*(n−1)+I tn )/n and the result is equivalent to the average of n subsequently acquired images.
? troublesHootInG 72| Take a test image in order to find the approximate imaging plane containing the cells. Use cellular autofluorescence signal to facilitate the procedure. ? troublesHootInG Troubleshooting advice can be found in table 2. 
73|
